Michaelis-Menten kinetics showed that differences in reduction rates of the nitrogenous compounds were sufficient to account for the observed patterns of nitrite, nitric oxide, and nitrous oxide accumulation. Addition of oxygen inhibited gas production from`3N03 by Alcaligenes sp. and P. fluorescens, but it did not reduce gas production by Flavobacterium sp. However, all three isolates produced higher ratios of nitrous oxide to dinitrogen as the oxygen tension increased. Inclusion of oxygen in the model as a nonspecific inhibitor of each step in denitrification resulted in decreased gas production but increased ratios of nitrous oxide to dinitrogen, as observed experimentally. The simplicity of this kinetic model of denitrification and its ability to unify disparate observations should make the model a useful guide in research on the physiology of denitrifier response to environmental effectors.
pM. Numerical solutions to a mathematical model of denitrification based on
Michaelis-Menten kinetics showed that differences in reduction rates of the nitrogenous compounds were sufficient to account for the observed patterns of nitrite, nitric oxide, and nitrous oxide accumulation. Addition of oxygen inhibited gas production from`3N03 by Alcaligenes sp. and P. fluorescens, but it did not reduce gas production by Flavobacterium sp. However, all three isolates produced higher ratios of nitrous oxide to dinitrogen as the oxygen tension increased. Inclusion of oxygen in the model as a nonspecific inhibitor of each step in denitrification resulted in decreased gas production but increased ratios of nitrous oxide to dinitrogen, as observed experimentally. The simplicity of this kinetic model of denitrification and its ability to unify disparate observations should make the model a useful guide in research on the physiology of denitrifier response to environmental effectors.
Denitrification is the reduction of nitrate through the intermediates nitrite, perhaps nitric oxide, and nitrous oxide to form dinitrogen gas (7, 14, 24, 31, 39) . Nitrate-amended soils and denitrifying bacterial cultures often accumulate nitrite and nitrous oxide but not nitric oxide. Renewed interest in accumulation of nitrite and nitrous oxide during denitrification reflects concern for their roles in nitrosamine formation and destruction of stratospheric ozone, respectively (5) . Many factors affect the accumulation of denitrification intermediates, but there have been few attempts to develop a unifying explanation.
We report here on a kinetic mechanism which could explain a number of the observations summarized below. Nitrite accumulation may result from a lag in synthesis of nitrite reductase (20, 34, 37) or from nitrate inhibition of nitric oxide reductase (25) . Nitrate and nitrite amendments enhance production of nitrous oxide (2, 8, 29, 30) , perhaps by inhibiting nitrous oxide reductase or by acting as preferred electron acceptors. Net nitrous oxide production in soils varies with time after onset of anaerobiosis (9, 23, 29, 30) , possibly owing to a lag in synthesis of nitrous oxide reductase (9) . Aerobic soils are sources of rather than sinks for nitrous oxide (10, 11, 12, 23) , suggesting that nitrous oxide reduction is more sensitive to oxygen inhibition than were the other steps in denitrification, but nitrous oxide production during nitrification may account for such observations as well (3) .
Measurement of denitrification rates and nitrous oxide production in soils is complicated by the presence of heterogeneous communities of denitrifying organisms (13) and by the chemical and physical complexity of soils (14) . For instance, lack of suitable carbon sources (18, 38) and slow diffusion of nitrate to the sites of denitrification (26, 28) may alter not only the rate of denitrification but also the estimates of its kinetic parameters. In situ rate measurements integrate the effects of these extrinsic factors on denitrification and so are suitable for estimates of global nitrogen flux. However, such integrated measurements mask the basic dynamics of the denitrification process.
To avoid the complex and uncertain effect of soils on denitrification, we examined causes for accumulation of nitrite and nitrous oxide in pure cultures of denitrifiers. Our results suggest that the transient accumulation and steady-state pools of intermediates can in many cases be determined by reaction rates rather than any specific inhibition of a step in the denitrification sequence. We developed a model of denitrification based on Michaelis-Menten kinetics to demonstrate how different rates of reduction and general inhibition of denitrification, e.g., by 02, could lead to the observed patterns of accumulation. The kinetic model should be a useful tool with which to examine accumulation of denitrification intermediates in other systems and in response to other environmental variables. (27) . It was used to determine whether nitrate directly inhibited nitrous oxide reduction.
Media. Organisms were grown on nutrient broth (Difco Laboratories, Detroit, Mich.) containing 10 mM KNO3. For A. odorans, 5 mM KNO2 was used instead of KNO3. Seed cultures (50-ml volumes) were grown for 24 h at 30°C and then used to inoculate 450 ml of nitrate broth in 500-ml Erlenmeyer flasks. A rubber stopper was wired in place on each flask, and the cultures were incubated at 30°C for 24 h. This procedure allowed cultures to use residual oxygen in the flask while shifting to anaerobic metabolism. Nitrate and nitrite were not detected in the spent media. When desired, organisms incapable of nitrate reduction were obtained by substituting 5 mM KNO2 for KNO3 and including 10 mM Na2WO4 in the growth medium to prevent formation of an active nitrate reductase (32) .
Resting cell suspensions. Cells were harvested by centrifugation, washed twice in nutrient broth containing 200 ,tg of chloramphenicol ml-', and resuspended in nutrient broth containing chloramphenicol. The chloramphenicol concentration was sufficient to prevent growth of the least-sensitive organism, P. fluorescens. Stock cell suspensions were refrigerated or kept on ice and used within 12 h after harvest.
Nitrate and nitrite reduction. A stock cell suspension was diluted before use to give desired rates of reduction. The diluted cell suspension, 18 ml, was placed in a 125-ml flask containing a stirring bar. A large serum stopper was placed over the top of the flask, and the headspace gases were replaced three times with argon. Slight overpressure was maintained in the flask to minimize oxygen entry. The cell suspension was preincubated for 5 min at room temperature (25°C). Two milliliters of nitrate or nitrite solution was injected through the serum stopper to start the reaction. At regular intervals, the flask was inverted, and a sample was removed by syringe. A volume of argon equal to that of the sample was injected to maintain overpressure. Cells were removed by filtration through 0.4 yM polycarbonate filters with glass fiber prefilters (Nucleopore Corp., Pleasanton, Calif.).
Nitrite was determined by diazotization (1) . Nitrate was determined with Szechrome NAS reagent and Szechrome NB reagent (Polysciences Inc., Warrington, Penn.), which form stable diphenylamine and benzidine complexes, respectively, with nitrate in concentrated mineral acids. Samples were treated with 0.1 volume of 5% (wt/vol) sulfamic acid to remove nitrite before nitrate determination. For some experiments (see Fig. 1 and 2 Oxygen effect on nitrous oxide reduction. The effect of oxygen on nitrous oxide reduction was investigated by using '3NO3-generated at the Michigan State University sector-focused cyclotron and purified of '3N gases as previously described (35) . A 5-ml volume of cell suspension (absorbance at 600 nm, 0.2) was pipetted into Hungate-type screw-capped tubes (Bellco Glass, Inc., Vineland, N.J.). The tubes were capped, and the atmosphere was replaced with helium. Immediately before nitrate addition, a volume of gas was removed from each tube and replaced with an equal volume of air. One milliliter of a 30-,uM '3N solution was injected into the tube, which was then placed horizontally on a rotary shaker set at 250 rpm. During incubation, headspace gas was sampled by a syringe and analyzed by a gas chromatograph-proportional counter system described previously (35) . Radioactive counts in the gas peaks were corrected for background and '3N decay, and the peak areas and centroids were calculated with FASTFIT, a program written by R. B. Firestone, based on statistical procedures used to analyze nuclear spectra.
Mathematical model of denitrification. To see whether the results we obtained could be accounted for by simple kinetic processes, we developed a denitrification model for computer simulation. We assumed that denitrification took place according to the sequence: N03 -+ N02 --NO -* N20 -+ N2. Each reductive step was modeled by Michaelis-Menten kinetics:
where the subscript i refers to the appropriate constants and concentration for each substrate in the sequence. Rather than derive the exact solution for this four-reaction sequence, we approximated solutions by numerical integration, using Euler's method. The model was not intended to predict denitrification in resting cell cultures but rather to demonstrate how simple kinetics could lead to the behavior observed. To examine what effect oxygen may have if it is a general inhibitor of each reductive step in the denitrification pathway, we modified the model so that:
K. 
RESULTS
Patterns of nitrite accumulation. The extent of nitrite accumulation in resting cell suspensions varied from organism to organism. Flavobacterium sp. produced almost undetectable quantities of nitrite during nitrate reduction under the conditions used here (Fig. 1 ). In contrast, P. fluorescens ( Fig. 2) and Alcaligenes sp. produced much larger quantities of nitrite.
Nitrite accumulation by P. fluorescens and Alcaligenes sp. might have resulted either from nitrate inhibition of nitrite reduction or from a difference in the rates of nitrate and nitrite reduction. Comparison of the rates of nitrate and nitrite reduction for P. fluorescens (Table 1) supported the latter explanation: the rate of nitrite accumulation observed was not significantly different from that calculated as the dif- (Fig. 3b ), thus following a I N) pattern similar to that observed for P. fluorescens (Fig. 2) . Thus, the kinetic explanation for ulation during de- proximately 100 ppm (100,ul l-'), and the cell concentration was 32 jig of protein ml-'.
b Rate constants were determined by linear regression on the transformation: ln(N20), = ln(N20)0-kt; confidence limits are to.o5sb; 3 df. Nitric oxide and nitrous oxide accumulation. When nitrate or nitrite was included in the medium along with 820 nmol of N20, each isolate still reduced the nitrous oxide concentration to a constant value. A low nitrous oxide concentration was maintained until all ionic species had been depleted (Fig. 5 and 6 ). Nitrous oxide added after the steady state had become established also was reduced rapidly until its concentration reached the previous value (Fig.  6 ). Maintenance of a relatively constant N20 concentration even after perturbation was evidence that the steps in denitrification were in kinetic equilibrium.
All three organisms accumulated nitric oxide shortly after cell suspensions had been added to incubation vessels containing nitrate or nitrite. The concentration of nitric oxide also became constant until all the nitrate or nitrite had been used. No nitric oxide was detected in nitrite broth before addition of the cell suspensions, nor did the amount produced correlate with the amount of nitrite present (cf. Fig. 5 and 6 ). Hence, nitric oxide production could not be attributed to chemical decomposition of nitrite.
The transient appearance of low amounts of nitric oxide and nitrous oxide during denitrifi- cation and the rapid return of nitrous oxide to steady-state amounts after perturbation suggested again that simple kinetics could have accounted for the behavior observed. Addition of these two steps to the denitrification model resulted in the simulation results presented in Fig. 7 . The high initial N20 concentration was rapidly reduced to a steady-state value, which was also reestablished after more N20 had been added. Such relaxation kinetics were similar to the pattern observed for P. fluorescens (Fig. 6) For reduction ofN03-, N02-, NO, and N20-N, the Km values were 1, 2, 2, and 2, respectively; the Vm..c values were 2, 4, 8, and 6, respectively. 8a and 9a; data for Alcaligenes sp. not shown).
After additional incubation, cell suspensions had reduced percentages of nitrous oxide, yet the relationship between the percentage of nitrous oxide and oxygen concentration remained the same ( Fig. 9 ; 20 min). Higher oxygen concentrations inhibited denitrification by P. fluorescens (Fig. 8b) and Alcaligenes sp. However, no decrease in total gas production was observed in several experiments with Flavobacterium sp. (Fig. 9b) . Nitrous oxide reduction in this organism appeared to be more sensitive to oxygen than were the other steps in denitrification.
Could general inhibition of denitrification by oxygen have caused increased production of nitrous oxide relative to dinitrogen as oxygen tension increased, or was nitrous oxide reduction more sensitive to oxygen than the other reductive steps? As a preliminary approach to solving this problem, we modified the denitrification model to include a term for oxygen inhibition of each step in the pathway, as described in equation 2. The contribution of N20 to total gas production was calculated at various times for each of the four values for P. As the system became more aerobic the percentage of N20 produced increased (Fig. lOa) , as observed for all three isolates. In addition, the time-dependent decrease in N20 contribution at different oxygen tensions resembled the behavior observed in the bacterial cultures (Fig. 9a) . As expected, the total amount of gas produced decreased at higher oxygen tensions (Fig. lOb) .
Km values for nitrate, nitrite, and nitrous oxide reduction. Km values for nitrite reduction were determined by analysis of progress curves. The values for Alcaligenes sp., Flavobacterium sp., and P. fluorescens were similar: 12.9 ± 2.6, 5.6 + 1.6, and 5.5 ± 1.1 jiM (Km ± standard error), respectively.
It was not possible to obtain Km estimnates for nitrate reduction directly, owing to the limited sensitivity and precision of the colorimetric procedures used. Since rates of nitrate reduction observed at concentrations greater than 15 The estimated Km value for nitrous oxide reduction by Flavobacterium sp. was 440 + 11 nM (1.92 + 0.048 Pa). This value was determined from experiments starting at several initial partial pressures of nitrous oxide. Data from a typical experiment are shown in Fig. 11 . To ensure that the biological rate of N20 reduction was measured rather than the rate of N20 transfer from the gas to the liquid phase, we increased the transfer rate by sparging gas through the continously stirred medium. In addition, the rate of N20 reduction was reduced by decreasing cell density to an absorbance of 0.005 and the liquid volume to 25 ml.
If phase transfer had limited the initial rate of nitrous oxide reduction, we should have obtained a biphasic exponential curve: the first portion of the curve would represent the rate of transfer into the liquid phase, and the second portion would represent the rate of biological reduction when transfer was sufficiently rapid to support the reduction rate. If the biological rate of reduction had always been greater than the rate of gas transfer, there should have been only one exponential curve, reflecting diffusion of N20 into the aqueous phase. Also, if the iterative procedure for the progress curve analysis would converge in the latter case, the Km value obtained should have been at least as high as the initial nitrous oxide concentration. We did not observe a single or a biphasic exponential curve (Fig. 11) , nor did we obtain a Km value as high as the initial N20 concentration. Thus we are confident that only the biological process was measured in these experiments. DISCUSSION The results presented above permit us to rule out direct inhibition of nitrite reduction by nitrate as a mechanism of nitrite accumulation: the rates of nitrite reduction by P. fluorescens were similar in the presence and absence of nitrate (Table 1) , and nitrate did not inhibit nitrite reduction in tungstate-grown bacteria lacking a functional nitrate reductase (Table 3) . (28) recently ation was 72 ppm (vol/vol), and cell concentra-demonstrated that the physical structure of soil fter addition (arrow) was 1.6,tug ofprotein ml-1. also may influence the kinetics of denitrification.
They concluded that the typical procedure ition 1) was constructed to demonstrate which uses flooded soil to determine the rate of simple kinetics may cause the patterns of nitrate reduction actually measures the rate of e accumulation observed. Varying the rel-nitrate diffusion from the overlying solution into rates of nitrate and nitrite reduction in the the soil matrix. Such mass transfer resistance 1 determined the extent of nitrite accumu-would result in apparent first-order denitrificai (Fig. 3) . In the bacterial cultures, the tion rates at nitrate concentrations higher than mal velocity of nitrate or nitrite reduction those required to saturate enzymes in a system i have depended not only on substrate con-not limited by diffusion and consequently would ation but also on the number of reductase give higher Km estimates (33) . Both carbon limcules present. Variations in the extent of itation and effects of diffusion may explain why e accumulation by P. fluorescens-com-Km values for denitrification in soils: 0.23 mM (18), and 0.13 and 1.2 mM nts of nitrate and nitrite reductase were (38) , are so much higher than the values we onstant. Differences may reflect both the obtained for nitrate and nitrite reduction by at which the cultures were harvested rela-pure cultures, which were <0.015 mM.
;o the time they became anaerobic as well Diffusion limitations may also have affected rresponding lags in synthesis of nitrite re-measurements of the Km value for nitrous oxide se relative to nitrate reductase, as Williams reduction. The value we obtained for Flavobacreported (37). terium sp., 0.5 tIM, was much smaller than those trous oxide frequently accumulates in soils reported previously: 5 ,uM for a lysate of Paralg experimental studies of denitrification. coccus denitrificans (19), 30 to 60 ,uM for Pseuratio of N20 to N2 may be increased by domonas denitrificans (21) , less than 100 ,uM Ig nitrate to soils (2, 8, 29, 30) , suggesting for P. aeruginosa (31) , and 0.7 to 1.0 mM for a nitrate specifically inhibits nitrous oxide soil (38) . We had to use very low cell concentration. Firestone et al. (8) In the three isolates we used, the concentration of nitrous oxide appeared to be under kinetic control. Such control was especially evident when the nitrous oxide concentration rapidly returned to a steady-state value after addition of more N20 (Fig. 6) (Fig. 7) .
Increased oxygen in soils enhances the ratio of N20 to N2 produced during denitrification. However, oxygen also inhibits denitrification and represses synthesis of the denitrifying enzymes (5, 14, 24) . Such general inhibition was apparent in the decrease in total gas production by Alcaligenes sp. and P. fluorescens exposed to increasing oxygen concentrations (Fig. 8) . Gas production by Flavobacterium was not inhibited by oxygen (Fig. 9) , although the proportion of gas as N20 increased with increased oxygen. Focht (10) developed a zero-order kinetic model of denitrification based on data from Nommik (23) , in which increased production of N20 at higher soil aeration results from oxygen inhibition of N20 reduction greater than that of nitrate reduction. Since gas production by Flavobacterium sp. was not decreased by oxygen, this organism appears to correspond to Focht's model. Nitrous oxide reductases of the other two organisms might also have been more sensitive to oxygen than were the enzymes catalyzing nitrous oxide formation, but the decrease in gas production at increased oxygen concentrations suggested that general inhibition of denitrification by oxygen may cause similar behavior. Results of the model in which a general oxygen inhibition term, P, was included gave results ( Fig. 10 ) qualitatively similar to those obtained for P. fluorescens (Fig. 8 ).
An untested prediction of the model represented by equation 2 is that the percentage of nitrite relative to the more-reduced nitrogen compounds should also increase with increased oxygen concentration. Furthermore, since the mathematics of the model would remain unchanged, any factor which inhibited all steps in denitrification equally should elicit a response similar to that observed with increased oxygen concentration. Recently, Keeney et al. (16) reported that soils incubated at 5 and 15°C produced a higher proportion of gas as N20 rather than N2 when compared with soils incubated at 25°C. Total gas production was lower at the lower temperatures. Data presented by Bollag and Kurek (4) showed that the effects of pesticide metabolites on denitrification were similar to those of decreased temperature: in the presence of pesticide metabolites, more nitrite and nitrous oxide are produced during denitrification, which takes place at a reduced rate compared with that of unamended controls. The time course data presented in both papers show that the effects of temperature and pesticide metabolites are less pronounced with longer incubation, as we found for the oxygen effect on N20, both by the bacteria (Fig. 9 ) and in the model (Fig. 10) .
The kinetic model presented in this paper has the advantage of being simple without sacrificing any power to unify disparate observations regarding accumulation of intermediates during denitrification. We developed the model based on work with pure cultures, and we were able to use it for isolating the physiology of the denitrifiers from the limitations imposed upon them by complex environments. There is no less a need to investigate how the physicochemical environment modifies this physiological potential (e.g., by controlling substrate availability through limited diffusion). We do not intend the hypothesis that accumulation of intermediates reflects different rates of reduction to obscure phenotypic differences among denitrifying bacteria (e.g., 02
on Flavobacterium spp.), nor is it meant to discount the possibility of 
